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In an addendum to a  paper concerned with the relation between crenation 
and gelation (Ponder, 1944), a spontaneous change which takes place in rat red 
cells suspended in cold isotonic sodium citrate was described.  As a  result of 
this change the  osmotic resistance of the  cells becomes so increased that they 
do not hemolyze even in distiUed water, and the cells otherwise behave as if 
they were  gelated  or paracrystalline.  This paper is  concerned  with  a  more 
detailed investigation of the phenomenon, under four heads: (1) the resistance 
to osmotic hemolysis and its reversibility,  (2)  the exchange of K  between the 
cells and the  surrounding  media,  (3)  the  resistance to lysins such as saponin 
and digitonin,  and  (4)  the  shape transformations, the form changes observed 
during hemolysis, and  the  appearance under polarized light. 
1.  Resistance to Osmotic Hemolysis 
The increase in resistance to osmotic hemolysis which the rat red cells develop 
can be followed by preparing a  suspension of thrice washed red cells in 3  per 
cent sodium citrate, keeping it at 4°C., and adding one volume of the suspen- 
sion to 9  volumes of water at various temperatures after various times from 
that of the making of the suspension up to several days. 
The cells of 5 ml. of rat blood, received into 3 per cent sodium citrate, are washed 
several times with the same medium and are finally suspended in 25 ml. of the citrate; 
this gives a suspension  with a volume concentration of about 0.1.  The suspension  is 
kept at 4°C.,  1 and is shaken up occasionally,  although the resuspension  of the sedi- 
mented cells leads to a progressively increasing  hemolysis.  ~  From time to time, 0.5 
1 The rate at which the rat red cells in 3 per cent citrate become paracrystalline, as 
judged by the rate at which they become resistant to hemolysis by water at 4°C., 
depends on the temperature at which the suspension  is kept.  At 4°C., the change in 
state occurs within 48 hours; at 7°C., it takes about 96 hours; and at 10°C. it takes 
about 200 hours.  The concentration of citrate in which the change of state occurs 
ia not  very critical. 
2 The cold m.t red cells cannot be centrifuged and washed in the same way as normal 
red cells because they stick to each other when spun down; violent shaking is required 
to resuspend them, and this results in considerable  hemolysis..The best way to keep 
the suspension  in the refrigerator is in Erlenmeyer flasks, in which the cells  ~  sediment 
to form a loosely packed layer.  Washing can then be carried out by sucking off the 
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ml. of the suspension is added to (1) 4.5 ml. of 3 per cent sodium citrate,  and (2) 4.5 
ml.  of distilled  water; the mixtures  being maintained  at various  temperatures  (4  °, 
20  °, and 37°C.).  Mter 10 minutes,  which is sufficient time for the systems to arrive 
at their equilibria, the mixtures are centrifuged rapidly and the supernatant fluids are 
removed.  The hemoglobin contents of each is found photometrically,  and expressed 
as a percentage  of the complete hemolysis of the systems. 
The determinations of osmotic resistance are repeated at 12 to 24 hour inter- 
vals for several days, and Table I  shows a  series  of typical results obtained at 
4 °, 20 °, and 37°C.  The table contains three columns for each temperature, the 
first (S) showing the percentage hemolysis observed in 3 per cent sodium citrate, 
the  second  (W)  the  percentage hemolysis observed in the  hypotonic system 
(with T  =  0.1, very nearly) in which the red cells are added to distilled water, 
TABLE I 
4°C.  200C.  37°C. 
Time 
W  h 
]~r$. 
0 
24 
48 
72 
120 
s 
0 
5 
9 
16 
27 
W 
25 
23 
30 
h 
1.00 
0.47 
0.17 
0.08 
0.04 
s 
11 
18 
30 
70  0.68 
50  0.44 
43  0.30 
51  0.30 
s 
0 
8 
12 
23 
42 
100 
100 
92 
1.00 
1.00 
1.00 
0.95 
0.86 
and the third the value of h --- (W -- S)/(100 -- S), which measures the hemolytic 
effect produced by the medium of tonicity 0.1.  When there is complete hemol- 
ysis, h =  1.00; when the water produces no more lysis than occurs in 3 per cent 
citrate,  h  =  0.00. 
Table I  shows (1)  that the amount of lysis which takes place in the hypo- 
tonic system with T  =  0.1  decreases with the time during which the red cells 
are kept at 4°C. in 3 per cent sodium citrate, becoming very small (h =  0.08) 
at the end of 72 hours when the measurements are made at4°C., and consider- 
ably reduced (k  =  0.30) at the end of the same time when the measurements 
are made at 20°C.  This means that 92 per cent and 70 per cent of the red cells 
which do not hemolyze in citrate become resistant to osmotic hemolysis in this 
very hypotonic system at 4 ° and 20°C.  respectively.  (2)  When the measure- 
ments are made at 37°C., the amount of lysis which occurs in the hypotonic 
system, in excess  of that observed in isotonic citrate, becomes less as the tirde 
of preservation at 4°C. increases, but the great majority of the red cells undergo 
hemolysis at this temperature.  (3)  The longer the red cells are kept at 4°C., 
the more hemolysis is observed when they are added to isotonic sodium citrate 
supernatant fluid and replacing it with fresh citrate,  and an estimation  of the hemo- 
globin  in  the  supernatant  fluid provides  a  measure  of the amount of spontaneous 
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at the various temperatures; thus 42 per cent of red cells kept for 5 days at 4°C. 
undergo hemolysis in 3 per cent citrate at 37°C.  It is this spontaneous hemol- 
ysis which limits the duration of the experiments and gives rise to a variety of 
experimental  difficulties. 3 
The state which results in the increase in resistance  to hypotonic hemolysis 
is reversible in that it can be abolished by raising the temperature to 37°C. and 
reestablished  by cooling to 4°C.  This can be shown by an experiment of the 
following type. 
A suspension of washed rat red cells in citrate is kept for 72 hours in the refrigerator 
at 4°C.  The supernatant fluid is removed and replaced with cold 3 per cent citrate 
in order to reduce the amount of hemoglobin resulting from spontaneous hemolysis; 
the cells are then suspended by gentle shaking.  To each of two tubes containing (a) 
4.5 ml. of 3 per cent citrate at 4°C. and (b) 4.5 ml. of water at 4°C. is added 0.5 ml. of 
the suspension of the cold rat red cells.  Mter  10 minutes the intact cells are thrown 
down, the supernatant fluid removed, and the percentage hemolysis determined from 
the hemoglobin contents (Table II, A). 
The rat red cell suspension is now warmed to 37°C., and 0.5 ml. is added to (a) 4.5 
ml. of citrate at 37°C. and (b) 4.5 ml. of water at 37°C.,  as before.  At the end of 10 
minutes  the intact  cells  are spun down, and  the percentage hemolysis determined 
(Table  II, B). 
The warmed suspension is then cooled to 4°C., and after 10 minutes 0.5 ml. is added 
to (a) 4.5 ml. of citrate at 4°C. and (b) 4.5 ml. of water at 4°C.  After 10 minutes the 
intact  cells  are  thrown  down and  the  percentage  hemolysis  determined  as  before 
(Table  II, C). 
The results  of an experiment  of this  kind are  shown in Tabl~  II.  At each 
temperature,  the first column  (S) gives the percentage hemolysis observed in 
3  per  cent  citrate,  the  second  column  (W)  that  observed  in  the  hypotonic 
system resulting from the addition of the suspension to water,  while the third 
gives  the  value  of h. 
The warming of the cold rat red cells to 37°C. results in their becoming com- 
pletely hemolyzable in a hypotonic system of T  -- 0.1; i.e.,  they behave in the 
same general way as normal rat red cells do, except that the hemolysis which 
occurs in 3 per cent citrate is much greater (48 per cent in this experiment, but 
there  is a  great  deal of variation;  in Table  I, for example,  the  corresponding 
figure is only 23 per cent).  The lysis which occurs in 3 per cent citrate at 4°C. 
3 If 0.5 ml. of the cold rat red cell suspension is added to 4.5 ml. of 1 per cent NaCI 
instead of to the same amount of 3 per cent citrate, there is more hemolysis than in the 
citrate; the figures corresponding to those in the column for S at 4°C. in Table I, for 
example, would be 0, 8, 12, 23, and 50 per cent.  In some experiments, indeed, more 
hemolysis was observed when the cold rat red cells were added to 1 per cent NaC1 than 
when they were added to water.  The cold rat cells seem to be less stable in NaC1 
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is also greater (17 per cent) than that which would occur with normal rat erythro- 
cytes, and this is a  sign that the cells are more unstable than normal rat red 
cells.  The warming to 37°C.  and the subsequent cooling apparently result in 
an increase in this instability, as is shown by the 40 per cent lysis in citrate in 
part C  of Table II as compared with the 17 per cent lysis in part A of the same 
table. 
Measurements of the change in volume which the paracrystalline rat red cells 
undergo in the hypotonic system of T  =  0.1 show that there usually is so little 
swelling as to be within the experimental error of the method used (high speed 
hematocrite  with  Hamburger  tubes).  The  values  obtained  varied  between 
0.15 and zero.  The variation in R  may correspond, of course, either to a varia- 
tion in the completeness with which the new paracrystalline state is reached, 
or to some of the cells having reached it completely while others have not# 
TABLE II 
Treatment of cell suspension  S  W  h 
A. 72 hrs. at 4°C.; added to citrate and 
water at 4°C. 
B. Warmed to 37°C.; added to citrate 
and water at 37°C. 
C.  Cooled to 4°C.; added to citrate and 
water at 4°C. 
17 
48 
40 
37 
100 
53 
0.24 
1.00 
0.22 
2.  Exchange of K 
The exchange of K  between cells and isotonic citrate can be measured by adding 
washed rat red cells to 3 per cent sodium citrate and adjusting the volume concentra- 
tion to p  =  0.1 as determined by a high speed hematocrite.  At intervals of 12 to 24 
hours, the K  content is determined both for the ceils and for the supernatant fluid, 
the suspension being kept at 4°C.  In the case of the determination of the K  content 
of the cells, a small sample (2 ml.) of the suspension is removed after the contents of 
4 Dr. A. K. Parpart has kindly made measurements, by his opacimeter method, of 
the rates of penetration of water and of glycerol into rat red cells, washed and kept in 
3 per cent sodium citrate at 9°C. for 9 days, and then allowed to stand for 2 hours at 
25°C., the temperature at which the measurements were made.  The principal results 
obtained are as follows: (a).  In the cold rat red cell, and as judged by hemolysis, the 
penetration of glycerol is as rapid as, or more rapid than,  the penetration of water. 
(b).  As judged by hemolysis, water penetration is much slower (about 100-fold)  in the 
paracrystalline cell than in the normal rat red cell  (c).  As measured by volume 
changes with no hemolysis, the rate of water exosmosis in the pamcrystalline cell is 
not very different from the normal rate, while the glycerol rate is less than normal. 
(d).  The  total volume  change of  the paracrystalline rat red cell in a  glycerol-salt 
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the container have been shaken Up, and after (a)  the volume concentration of the 
intact cells, and (b) the percentage number of cells which have hemolyzed sponta- 
neously, have been determined.  The 2 ml. sample is centrifuged and the supernatant 
fluid is removed as completely as possible.  As the cells form a  compact mass, the 
removal can be rendered all the more complete by allowing the tube to drain upside 
down, and by drying off the inside with filter paper.  The K content of the cell mass, 
the volume of which is known, and also the K  content of the supernatant fluid, are 
determined by the method of Breh and C-aebler 0930).  Typical results are shown 
in the upper part of Table III? 
The K  exchange which occurs when cold rat red cells, after some days in isotonic 
citrate at 4°C., are added to distilled water (cf.  Tables I and II) can be measured by 
adding 1 ml. of the red cell suspension, the volume concentration  of which is first deter- 
mined, to 9 ml. of water at 4°C.  Mter 5 minutes the unhemolyzed cells are thrown 
TABLE III 
Time  K, cells  K, fluid 
Cells in isotonic citrate at 
4°C.  p =  0.1 
]tr$. 
0 
18 
42 
72 
m.ea./l. 
118.0 
67.5 
m.eq.fl. 
4.3 
6.7 
7.9 
11.3" 
K exchange: Loss by cells -- 50.5 m.eq./1.; gain by fluid --- 53.5 m.eq./1. 
Cells, 2 ml., added to 18 rnl.  0.1  [  47.5  1.8 
water at 4°C.  2  I  48.0  2.0:~ 
* 1.03 m.eq./1, due to hemolysis. 
40 per cent lysis.  Quantity calculated 1.8  instead of 2.0 m.eq./1. 
down by centrifuging and the supernatant fluid is removed.  This can be done very 
completely, since the cells form a sticky mass which can even be rinsed with a little 
cold water to remove traces of supematant fluid.  The K  content of the cell mass, 
the volume of which is known, and also the K  content of the supernatant fluid, are 
then determined.  Photometric measurement of the quantity of hemoglobin in the 
supematant fluid enables one to compute the percentage of the total number of cells 
which hemolyze in the hypotonic medium.  Similar determinations of the K content 
of cells and supernatant fluid can be made after the cells have stood in the hypotonic 
5 The accuracy with which the values for K can be obtained largely depends on the 
accuracy with which p can be measured.  This is not very great, and experimental 
errors of the order of 5 to  10 per cent are quite possible.  It should be pointed out 
that in experiments of this kind, as well as in those on which Tables I and II are based, 
there are considerable variations which may be due to the extent to which the cells 
of the suspension have reached the final paracrystalline state.  The results in Table 
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medium at  4°C.,  or at  some other  temperature, for times longer  than  5 minutes. 
Typical results are given in the lower part of Table III. 
Several points emerge from the data in Table III.  (1)  There is a considerable 
loss of K  from rat red cells into 3 per cent sodium citrate, 43 per cent of the 
cell K  being lost in 72 hours, and there is a corresponding gain of K by the sur- 
rounding medium in addition to the K  which is gained because of progressive 
hemolysis.  (2)  When the cold rat red cells, with a K'content of 67.5  m.eq./l., 
are added to a  large volume of cold distilled water, about 30 per cent of their 
contained K  is lost into the water, in addition to that which is lost as a result 
of the hemolysis of about 40 per cent of the cells.  The remaining 60 per cent 
of the cells then remain unhemolyzed, although the intracellular concentration 
of K  is some 25 times greater than that in the surrounding water.  The extent 
to which  the  cells swell in the hypotonic medium is very small (R less than 
0.15).  (3)  Most of the loss of K  into the water probably occurs as soon as the 
cells are added to it, for the loss is substantially the same after 2 hours as it is 
after  5  minutes. 
These  results  show  that  the  failure  of the  paracrystalline  rat  red  cells  to 
swell and to hemolyze in water is not due to their reaching equilibrium with 
their  hypotonic  environment  by  losing  so  much  K  that  the  concentrations 
become equal inside  and  out.  The two remaining explanations  ar~ ~(a) that 
the membrane of the cold rat red cell is impermeable to water, and (b) that the 
contained K  is combined in some way as to make its activity approach zero, 
so that the driving force for the movement of water from a hypotonic environ- 
ment approaches zero.  Of these  two alternatives,  the  latter  is the  more  in 
keeping with  other observations on the  properties of the  paracrystalline  red 
cells. 
3. Hemolysis by Saponin and Digitonin 
Mter standing for 72 hours in sodium citrate at 4°C., the cold rat red cells 
are considerably more resistant  to  the  hemolytic action  of saponin  than are 
normal rat red cells when the measurements of the rate of hemolysis are made 
at  low  temperatures.  The  end-points,  however,  become steadily  worse  the 
longer the cells are allowed to stand in citrate at 4°C.,  so that  ultimately it 
becomes impossible to measure the times for complete hemolysis in the ordinary 
way at a temperature as low as 4°C.  The poorness of the end-point is due to 
the ghosts and debris of ghosts which can be seen by microscopic examination 
of the hemolyzed suspension; these disappear when the suspension is warmed. 
To overcome the difficulty in determining the end-point for 100 per cent hemolysis, 
a time-dilution curve for a normal rat red cell suspension  is plotted at 4°C., and then, 
after the cells have stood in citrate at a low temperature for several days, determina- 
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the cold rat red cells to remain in contact with each dilution of lysin at CC. for the 
same length of time as is necessary for the complete hemolysis of normal rat red cells. 
The time-dilution  curve  for saponin  and normal rat red cells at 4°C. is atypical, t 
passing through a minimum  corresponding to a dilution  of 1 in 1000 (20003,/2 ml.); 
the values of t for the normal rat red cells, and the percentage  lysis P for the cold rat 
red cells after a time of contact t with the corresponding quantity of lysin, are shown 
in  Table  IV. 
Except for the value corresponding to  16,000  ~,  the  values of P  are  quite 
constant, which means that the various quantities  of lysin produce about 32 
per cent hemolysis of the cold rat red cell suspension in the same time as they 
produce 100 per cent hemolysis of the ngrmal rat red cell suspension; i.e.,  that 
the cold (paracrystalline) rat red cells are considerably more resistant to saponin 
at 4°C.  The extent to which the resistance is increased cannot be calculated 
from the data, for the form of the resistance distribution is not known; if we 
TABLE IV 
~, 1 in  3'  t  P 
125 
250 
500 
1,000 
2,000 
4,000 
8,000 
16,000 
16,000 
8,000 
4,000 
2,000 
1,000 
500 
250 
125 
5.0 
3.5 
2.0 
1.3 
2.2 
2.7 
5.5 
20 
40 
34 
33 
29 
31 
31 
34 
32 
suppose it to have the usual negative skewness, however, the resistance of the 
paracrystalline rat red cells would be between 4 and 5 times that of the normal 
cells. 
In the  case  of digitonin the  situation  is  much the  same  as  in  the  case  of 
saponin.  At 4°C. the end-points are poor even with normal rat red cells,  and 
after 72 to 96 hours in cold citrate not more than 10 to 20 per cent hemolysis 
is  produced by the  same quantities  of lysin and in the  same times  in which 
complete lysis of normal mt red ceils is produced.  The resistance of a suspen- 
sion of cold rat red cells to digitonin is somewhere in the neighborhood of 8 to 
10 times that of a suspension of normal rat red cells. 
Whenthe measurement of the times for complete hemolysis is made at 37°C., 
normal rat red cells  and rat red cells  which have been kept at 4°C. in citrate 
for 72 hours give almost identical time-dilution curves in systems containing 
either saponin or digitonin3  The quantity of lysin required to produce such 
6 Suspensions of cold rat red cells appear to be more resistant  to digitonin at 37°C., 
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alterations in the membrane, the fixed framework, and the hemoglobin of the 
cells as are necessary to enable the  hemoglobin to diffuse out freely into  the 
surrounding medium is accordingly some 4 to 5 times greater when the cell is in 
its paracrystalline form than when the ceil is a normal disk, and when the para- 
crystalline form is reconverted into the normal discoidal form by warming, the 
quantity  of lysin required  to  bring about  the  conditions  for hemolysis again 
becomes the same as that for normal rat red cells. 
4.  Shape  Transformations 
When washed three times in 3 per cent sodium citrate, rat red cells appear 
as perfect biconcave disks  between plastic  slides and  coverglasses.  Between 
glass  surfaces  they  undergo  the  usual  disk-sphere  transformation,  but  the 
spheres retain very fine crenations instead of becoming perfectly smooth.  It 
is quite noticeable that their transformation is slower and less complete than 
it is in  the  case of human  red  cells in  1 per cent  NaC1.  On  the  addition  of 
lecithin sols or saponin,  the  cells exhibit the usual shape changes. 
After 72  hours in the refrigerator at 4°C., and when examined at 20°C., the 
cells  appear as  irregularly  crenated  biconcave disks,  the  edges  of which  are 
wrinkled  or even look as if pieces had  been cut  out  of them.  They tend to 
clump,  but  there  is  little  real  rouleau  formation when  rat  plasma is  added. 
As the  time during which  they are kept at 4°C.  increases, an increasing per- 
centage of these cells show no shape changes between glass surfaces, or on the 
addition of lecithin,  saponin, or rose bengal.  Mter 3 days at 4°C., for exam- 
ple, about 50 per cent of the cells are able to undergo a  more or less complete 
disk-sphere  transformation  between  glass  surfaces,  while  about  50  per  cent 
remain discoidal.  Again, after 7 days at 4°C.,  about 30 per cent  of the  cells 
hemolyze as perfect spheres on the addition of saponin, whereas the remainder 
lose their hemoglobin without  any preliminary shape change. 
The difference between the  behavior towards lysins of normal red cells and 
that  of rat red cells which have been kept for several days in isotonic citrate 
at 4°C.  can most easily be appreciated by enclosing a  drop of cell suspension 
between plastic surfaces, adding an approximately equal volume of 1 in 10,000 
saponin,  and  observing the  changes as they occur at room temperature.  (1) 
in the medium in which the cells are suspended.  For the amount of inhibitory sub- 
stance present in 0.4 ml. of supernatant fluid, cl/c2 =  2, approximately.  After the 
effect of this inhibition has been allowed for, the resistance of the cells themselves works 
out as substantially the same as that of normal rat red cells at 37°C.  Some of the 
increased resistance of suspensions  of cold rat red cells to digitonin at 4°C. may also 
be due to the presence of these inhibitory substances, in which case  the true resistance 
of the cold rat red cells to digitonin at 4°C. would be about 4 or 5 times that of normal 
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The majority of the cells kept at 4°C. do not undergo a disk-sphere transforma- 
tion before they hemolyze, whereas normal rat red cells do.  The majority of 
the cold cells retain their roughly discoidal biconcave form, and hemolyze as 
disks.  (2)  For a  variable length of time before lysis occurs, the cold rat red 
cells  develop a  granular  appearance  in  the  neighborhood  of the  rim. 7  This 
does not occur in normal rat red cells, although lysis by saponin may be pre- 
ceded by  crenation.  (3)  When  the  cold  rat  red  cells  hemolyze,  a  granular 
debris is left behind;  this  is not  seen after the  lysis of normal rat  red  cells. 
The  debris  is  observed particularly  in  the  region  which  corresponds  to  the 
rim of the cell before its hemolysis.  (4)  Any prominent crenations or irregu- 
larities which are seen in the cold rat red cell before hemolysis persist in the 
hemolyzing ghosts.  At times one even gets the impression that one part of the 
cell hemolyzes before the remainder, or that pigment is retained longer in the 
granular regions of the rim than in neighboring regions. 
The cold rat red cells, when examined at 4°C. with polarized light, are bire- 
fringent, whereas normal rat red cells are not.  The whole of the cold rat red 
cell is diffusely bright between crossed Nicols, the rim in general, and scattered 
areas in the rim in particular,  being brightest of all.  When the cold rat red 
cells are warmed to 37°C.  for  10  to 20 minutes and then examined at room 
temperature with polarized light, the diffuse brightness of the cell is very much 
less, and the birefringence is confined to small irregular areas, usually in the 
region of the rim.  These observations, for which I  am indebted to Dr. Otto 
Glaser, are similar to the observations made by Teitel-Bernard (1932)  on the 
formation of intracellular crystalline hemoglobin, and are compatible with the 
passage of hemoglobin, in the cold, into a  crystalline or paracrystalline state. 
When the cells are warmed, most of the hemoglobin can be thought of as re- 
turning towards the less orderly state in which it exists in the normal red cell, 
loci of greater orderliness, however, remaining, s 
DISCUSSION 
The peculiarities in the behavior of the cold rat red cells can be accounted 
for by supposing that the cell components undergo a change of state from that 
This granular appearance occurs in the cells which have been kept in citrate in the 
cold, although not to the same extent as it does after the addition of a lysin such as 
saponin.  The appearance of the rim is reminiscent of the "holly wreath" forms of the 
sickle  cell, and the granular areas probably are regions  in which the change in the 
direction of the paracrystalline state has proceeded further than elsewhere. 
s There is a noticeable difference in color between a suspension  of normal rat red 
cells and one of paracrystaUine rat red cells.  The difference is difficult  to describe, 
as it consists in a difference of the shade of red, but it can easily be appreciated by 
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which characterizes the normal discoidal red cell to a  state which can be de- 
scribed in the meantime as paracrystalline.  The change of state is slow, its 
rate dependent on temperature, and it is probably not all-or-none with respect 
to any single cell, so that in the case of an assemblage of cells one cannot dis- 
tinguish  between the effects of different degrees of change  of state  and  the 
involvement of different numbers of cells. 
The evidence for the change of state being one in the direction of greater 
orderliness and crystal formation rests on the results of the observations with 
polarized light, on the inability of the cold rat red cells to undergo the usual 
shape transformations and to become spheres before hemolyzing, and on the 
apparent  rigidity of the  ceils and  of the  ghosts.  As  the  time  during  which 
they are kept at low temperatures increases, the cells show a steady increase in 
their  resistance  to  lysis  by  hypotonic media,  although  they  retain  a  large 
proportion of their electrolyte, and this can be interpreted either as showing 
that  the cells become increasingly impermeable to water,  or, more probably, 
that the activity of the  originally osmotically active substances becomes less 
and less; in the individual cell, indeed, it probably becomes zero as the  new 
paracrystalline state  is  ultimately reached.  This state,  however, is  at  least 
partially reversible by heating, and the familiar property of swelling and hemo- 
lyzing in hypotonic media  reappears as  the warmed cell passes  towards  the 
metastable  state which characterizes the  normal  disk. 
The ease with which this change of state occurs in the rat red cell may be 
related to the possibility, suggested by Drabkin  (1945), that the hemoglobin 
of the rat erythrocyte is in an unusual metastable  state approaching that of 
incipient crystallization, but the observations have more general implications. 
In the examination of the behavior of the marumalian red cell  in hypotonic 
media, all varieties of volume increases have been observed, from  those cor- 
responding to R-values of 1.0 to those corresponding to R-values of about 0.5 
(summarized by Ponder, 1940); the former are those which would be expected 
if the volume changes in hypotonic solutions were those of a  "perfect osmom- 
eter" and brought about by the exchange of water alone, while the latter are 
very much smaller.  Attempts have been made to account for the unexpectedly 
small volume changes on the basis of there being bound water in the cells or 
loss of osmotically active substances into the hypotonic environment, but while 
both these explanations go some distance  towards accounting for the discrep- 
ancies between the observed volumes and those predicted on a  simplified os- 
motic theory, neither accounts for them entirely or even largely.  A different 
kind of explanation, which retains the idea of the red cell's being essentially a 
simple osmometer, accounts for the unduly small volume changes as resulting 
from there being an elastic resistance to swelling, such as there is in gelatin gels 
(Ponder,  1940,  1944).  It  is very doubtful whether the  introduction of this ERIC I'ONDER  99 
elastic  resistance  is.. anything  more  than  another  way of reconciling  the  ob- 
served  results  with  the  "expected"  ones,  but  the  idea  has  some  connection 
with reality in that it arose from the observation that crenated red cells, which 
are cells in which the hemoglobin is gelated or paracrystalline, have R-values 
lower than those for red cells which are not crenated.  Now that all R-values, 
from 1.0  to zero, have been obtained experimentally, it seems likely that R  is 
nothing but an expression of the extent of the departure of the behavior of the 
real red cell, as regards volume changes,  from that of the conceptual red call of 
simplified osmotic theory.  If the mammalian red cell can be represented as a 
:simple osmotic system when R  approaches 1.0,  the smaller  values of R  would 
measure the extent to which the behavior of the simple osmometer is modified 
by the condition of the interior, either because the interior offers a  resistance 
to swelling, or because the  forces which tend to produce volume increases are 
,smaller than those implied by the assumption of  ideal behavior.  One would 
anticipate,  indeed,  that  in a  system as condensed as the red cell  interior the 
activities would be less than those in ideal solutions2 
The most interesting point about the change of state from that which char- 
acterizes the normal disk to that of the paracrystalline cold rat red cell is that 
it  is reversible, so that  the  normal disk and the paracrystaIline form can be 
looked upon as two metastable forms of the same cell.  The molecular arrange- 
ments in the paracrystalline cold rat red cell are apparently more orderly than 
those  in the normal disk,  although  not as orderly as those in the hemoglobin 
crystal, while the arrangements in the normal disk are themselves more orderly 
than when hemoglobin is in solution.  In considering the behavior of the eryth- 
rocyte in  media of varying  tonicity and  electrolyte  content it has  been cus- 
tomary to approach the problem from the standpoint of what would occur in 
dilute  solutions  separated  by a  membrane, i.e.  from a  very much simplified 
osmotic  standpoint,  but  since  the  normal  disk  is  a  metastable  form which 
passes spontaneously and reversibly into another metastable form whichis para- 
crystalline,  it  is just  as valid,  and may be more profitable, to approach the 
problem of volume changes, etc., from the standpoint  of what would happen 
in  the  crystal. 
Whatever may be the outcome of such an approach, it is certain that a good 
deal of confusion has been introduced in the past by the failure to recognize 
that  the  mammalian erythrocyte can assume a  variety of metastable forms, 
many  of which  are  reversibly convertible  into  each  other.  The  conditions 
9 The idea that the smaUness of the volume changes is due to there being bound 
water in the cell may still turn out to be useful, if by bound water we mean water whose 
properties are modified as a result of its being a component of a paracrystalline, or in 
the extreme case, a crystalline structure.  While almost all the water in the normal 
discoidal red cell is believed to be free (Macleod and Ponder, 1936), nothing is known 
as to the corresponding state of the water in the paracrystalUne red cell. I00  PARACRYSTALLINE  RAT  RED  CELLS 
TABLE V 
Promeniscocyte disk 
,°!l 
Meniscocyte or sickle cell 
Lysis (Hb in solution) 
T  Prolytic sphere 
Sphere  Sphere 
Crenated form I  Ellipsoid or 
41  ]  cup form 
variant 
DISK 
Crenated form II 
Paracrystalline form 
Hemoglobin crystal 
~a 
0~ 
0 
2 
o 
t~ 
1.  The  usual form of spontaneous  crenation.  Probably  due  to internal  changes:  local 
orientation of hemoglobin (Teitel-Bernard).  Diminution of R-value in hypotonic solutions. 
2.  Observed in the cold rat red cell.  A continuation of process 1.  Strong birefringence. 
R-values in hypotonic systems approach zero. 
3.  Final stage of processes 1 and 2.  Probably not reversible. 
4.  Initial stage of (a)  action of most lysins, (b)  action of rose bengal and lecithin, and (c) 
of  slide and  coverglass sphering.  Probably  initially  due  to  changes  at  cell surface.  No 
volume  changes. 
5.  Continuation  of process 4.  Easily reversed in  case  (c)  by adding  antisphering  sub- 
stance or lowering pH, and in case (b) by adding plasma or by washing.  Difficult to reverse 
in case (a). 
6.  Effect of hypotonic  media: volume increases with R-values depending on  the initial 
condition of cell (normal  disk, crenated disk,  paracrystalline disk). 
7.  Sudden change to spherical form, which gradually becomes a prolytic sphere. 
8.  Lysis of prolytic sphere at a critical volume which depends on the kind of cell and the 
nature  of the environment. 
9.  Formation of prolytic sphere with the continued action of lysins, and eventual hemolysis. 
These  stages probably  irreversible. 
10.  Change due to variation in 02 tension in  the case of the discoidal promeniscocyte, a 
genetic variant of the red cell.  The meniscocyte or sickle cell is probably  paracrystalline; 
R-values small in hypotonic media. 
under  which these metastable  forms occur are now sufficiently well defined for 
us to be able to summarize them as shown in Table V. valc PONDER  101 
Corresponding to these variations in form, there may be a number of states 
of hemoglobin  1° and of the material which constitutes the cell's fixed framework  n 
which have still to be defined, and it is possible that in speaking of red cell 
structure we shall have to distinguish between a variety of structures, perhaps 
one for each metastable state.  The red cell which undergoes these form changes 
is certainly more structurally complex than the model which is used in setting 
up the simple expressions which are supposed to describe its osmotic behavior 
quantitatively.  Changes in a cell membrane alone seem inadequate to account 
for the varied phenomena observed in connection with red cell behavior, the 
explanation of which appears to require a more detailed knowledge of the molec- 
ular architecture in the interior of the ceils. 
SUMMARY 
When washed rat red cells are kept in 3 per cent sodium citrate at low tem- 
peratures (4-9°C.), their resistance to osmotic hemolysis increases so that after 
several days they swell very little in hypotonic solutions (R  =  0.15 to zero) 
and do not hemolyze even in distilled water.  In  this  and in  other respects 
they behave as if they were gelated or paracrystalline.  The paracrystalline 
state is reversible, disappearing when the cells are warmed and rapidly reappear- 
ing when they are cooled, and the resistance to hypotonic hemolysis is not due 
to the cells reaching equilibrium with their environment by losing so much K 
that the concentrations become equal inside and out.  The concentration of K 
remains about  25  times as great inside the cell as  outside  it ~n a  hypotonic 
medium of T  =  0.1, and the failure to swell and to hemolyze seems to be due 
to the activity of K in the interior of the paracrystalline cell approaching zero. 
The paracrystalline red cells are more resistant to saponin and digitonin hemol- 
ysis, and do not undergo the usual shape  transformations, probably because 
they are too rigid.  Hemolysis by saponin and similar lysins occurs without 
sphere formation, and after lysis is  complete a granular debris is left behind. 
The paracrystalline cells show a  diffuse birefringence with polarized light; on 
their  being  warmed,  the  birefringence  disappears  except  at  foci  which  are 
usually situated along the rim of the cell. 
The occurrence of the paracrystalline state accounts for the different amounts 
of swelling of red cells which have been observed in systems of the same degree 
of hypotonicity, and its relation to other metastable states of the red cell is 
10 Dr. Drabkin  (private communication)  tells  me that gel formation can be ob- 
served in human hemoglobin solutions containing about 63 gm. per cent of hemoglobin. 
The gel is presumably a state intermediate between that of the crystal and that of the 
hemoglobin  solution. 
n Beams and Hines (1944) have shown that the red cells of the rat are composed 
of at least three discrete  substances  which  differ in their relative specific gravities, 
and which can be stratified by ultracentrifugation. 102  PARACRYSTALLINE RAT  RED  CELLS 
discussed in connection with a tabulation of the metastable states of the mam- 
malian  red cell and their relation to one another.  Changes in a  membrane 
alone seem inadequate to account for the varied phenomena observed in con- 
nection with red cell behavior, the explanation of which appears to require a 
more detailed knowledge of the molecular architecture of the cell interior. 
I  wish to thank Dr. Vincent Dole for his many suggestions and helpful criticism. 
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